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STAT4 activation by leukemia inhibitory factor confers
a therapeutic effect on intestinal inflammation
Yanan S Zhang1,2,†, Dazhuan E Xin2,† , Zhizhang Wang2, Xinyang Song3, Yanyun Sun2, Quanli C Zou2,

Jichen Yue1, Chenxi Zhang2, Junxun M Zhang2, Zhi Liu4, Xiaoren Zhang2, Ting C Zhao5, Bing Su6,7 &

Y Eugene Chin1,2,*

Abstract

T helper 17 (Th17)-cell differentiation triggered by interleukin-6
(IL-6) via STAT3 activation promotes inflammation in inflammatory
bowel disease (IBD) patients. However, leukemia inhibitory factor
(LIF), an IL-6 family cytokine, restricts inflammation by blocking
Th17-cell differentiation via an unknown mechanism. Here, we
report that microbiota dysregulation promotes LIF secretion by
intestinal epithelial cells (IECs) in a mouse colitis model. LIF greatly
activates STAT4 phosphorylation on multiple SPXX elements within
the C-terminal transcription regulation domain. STAT4 and STAT3
act reciprocally on both canonical cis-inducible elements (SIEs)
and noncanonical “AGG” elements at different loci. In lamina
propria lymphocytes (LPLs), STAT4 activation by LIF blocks STAT3-
dependent Il17a/Il17f promoter activation, whereas in IECs, LIF
bypasses the extraordinarily low level of STAT4 to induce YAP gene
expression via STAT3 activation. In addition, we found that the
administration of LIF is sufficient to restore microbiome homeosta-
sis. Thus, LIF effectively inhibits Th17 accumulation and promotes
repair of damaged intestinal epithelium in inflamed colon, serves
as a potential therapy for IBD.
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Introduction

The intestinal epithelial cells (IECs) and lamina propria lymphocytes

(LPLs) of the gastrointestinal tract form the main immunoepithelial

frontier against frequent stress from the intestinal microbiota. The

intestinal epithelial interface of IECs is populated by numerous

commensal microbes that aid in food digestion and markedly influ-

ence the functions of both IECs and LPLs (Mowat, 2003). During

inflammation, however, microbial invasion activates the innate

immune cells located in the lamina propria to initiate early

inflammation through pathogen-recognition receptors (Mankertz &

Schulzke, 2007). This chronic and sustained inflammation

promotes the activation of the adaptive immune response (Bouma

& Strober, 2003; Grivennikov et al, 2012). The robust response of

the immunoepithelial frontier system synthesizes and triggers a

cytokine storm involving different proinflammatory cytokines and

chemokines that contribute to alterations in the intestinal micro-

biota profile. The altered microbiota initiates and perpetuates

intestinal inflammation, leading to inflammatory bowel disease

(IBD) (Strober & Fuss, 2011). Among the helper CD4+ T cells

involved in IBD induction, T helper 17 (Th17) cells are responsible

for inducing both the proinflammatory cytokine storm and colitis

(Smith & Garrett, 2011; Belkaid & Hand, 2014). Hence, Th17 cells are

responsible for driving inflammatory or autoimmune responses.

Th17-cell differentiation during inflammation is also cytokine-

dependent. IL-6 and IL-23 are associated with many inflammatory

disorders, presumably due to their robust effects on the induction

of pathogenic Th17-cell differentiation. Some cytokines promote

Th17-cell differentiation, whereas others inhibit or terminate

Th17-cell differentiation (Park et al, 2005; Yang et al, 2011).

Therefore, CD4+ T-cell differentiation largely depends on the

cytokines present in the cellular microenvironment (O’Shea &

Paul, 2010). IL-23 and the IL-23 receptor are required for the

pathology of both IBD and dextran sulfate sodium (DSS)-induced

colitis (Hue et al, 2006; Yen et al, 2006; Elson et al, 2007; Ahern

et al, 2010). The secretion of proinflammatory cytokines, includ-

ing IL-17A, IL-17F, and IL-21, is markedly increased in IBD

patients (Monteleone et al, 2005, 2006; Siakavellas & Bamias,
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2012). Hence, Th17 cells are the principal effector helper T cell

during IBD pathogenesis.

STAT proteins play critical roles in T-cell differentiation. While

Th17 differentiation relies on STAT3 activation by IL-6, Th1 and

Th2 differentiation rely on STAT4 activation by IL-12 and STAT6

activation by IL-4, respectively. STAT3 activation by IL-6 in

intestinal inflammation promotes Th17 differentiation and epithe-

lial cell proliferation. Leukemia inhibitory factor (LIF) is a member

of the IL-6 cytokine family and shares specificity with IL-6 for

binding to the signaling receptor gp130 (Garbers et al, 2012).

However, neural progenitor cell-secreted LIF can inhibit Th17-cell

differentiation (Cao et al, 2011). Thus, LIF opposes IL-6 in the

regulation of T-cell differentiation. The LIF expression level in the

colon increases significantly in patients with ulcerative colitis

(UC), which belongs to the IBD and is histologically characterized

by the infiltration of immune cells, including neutrophils, macro-

phages, and lymphocytes, into the colonic mucosa (Guimbaud

et al, 1998; Podolsky, 2002). However, whether and how LIF

affects IBD progression is unclear. We recently reported that LIF

can maintain the self-renewal of mouse embryonic stem cells via

activating cytokine storm (Wang et al, 2017b). In a CD4+ T-cell

transfer colitis model, STAT4 deficiency protects mice against coli-

tis pathology (Harbour et al, 2015). However, blocking the IFNc
released from Th1 cells does not noticeably prevent colitis

progression (Simpson et al, 1998), suggesting that the function of

STAT4 in colitis development does not rely entirely on Th1-type

cytokine production.

To uncover the mechanism by which LIF affects Th17-cell dif-

ferentiation, we investigated LIF secretion and LIF-modulated

signal transduction and gene regulation. Lipopolysaccharide (LPS)

was previously noted to stimulate IL-6 and IL-23 production in

dendritic cells (DCs) (Xiao et al, 2008; Chang et al, 2010). In this

work, we found that microbial dysregulation and LPS induced LIF

expression and secretion in mouse IECs. LIF is a cytokine in the

IL-6 family, which mainly activates the JAK-STAT3 pathway for

signal transduction and transcriptional regulation. Surprisingly, the

STAT activation pattern of LIF was quite different in LPLs and

IECs. In LPLs, LIF mainly activated STAT4 to downregulate STAT3

activity in Il17 promoter regulation. In IECs, however, LIF mainly

activated STAT3 to overcome the effects of STAT4 and induce

Yes-associated protein (YAP) expression, thus promoting epithe-

lial proliferation. Consequently, the repair of damaged intestinal

epithelia guarantees intestinal microbiota homeostasis during the

amelioration of intestinal injury in response to LIF treatment.

Results

Bacterial endotoxin promotes the secretion of LIF by IECs in the
inflamed colon

To investigate the potential role of LIF in mucosal immunity, we

started by analyzing the LIF expression profile in a mouse colitis

model. In mouse colon tissue with DSS-induced peak disease

severity, LIF and LIFR gene expression was markedly elevated

(Figs 1A and EV1A), and the LIF protein was detectable in colon

explant supernatants (Fig 1B). Notably, gp130 expression showed

little increase in the inflamed colon compared to that in the

healthy mouse colon (Fig EV1A). According to the RT–PCR analy-

sis of IECs and LPLs isolated from normal mice or DSS-treated

mice, LIF was significantly increased in IECs but not in LPLs

(Fig 1C). When antibiotics were used to remove the intestinal

microbiota in specific pathogen-free (SPF) mice, followed by DSS

treatment, LIF expression was not induced in the colon of micro-

biota-free mice (Fig 1D and E), indicating that microbiota inva-

sion in the inflamed colon is required for LIF induction. Mice

with colitis show a dysregulated microbiota composition with

invasion into the intestinal mucus layer presumably via Toll-like

receptor (TLR) pathway activation (Mankertz & Schulzke, 2007).

Primary mouse IECs were isolated and incubated with bacterial

endotoxins such as LPS, peptidoglycan (PGN), or lipoteichoic acid

(LTA). In addition to Tnfa, Il6, and Il1b expression, LIF expres-

sion was induced by LPS and, to a lesser extent, by LTA or PGN

stimulation in IECs (Fig 1F). In addition, LIFR expression

increased in LPS-treated IECs (Fig EV1B). Consequently, LIF

secretion was enhanced dramatically in IEC supernatants upon

treatment with LPS and, to a lesser extent, LTA (Fig 1G).

However, when we used monensin, which is a protein transport

inhibitor, to pretreat IECs, the pretreated IECs secreted less LIF

than untreated cells under either LPS or LTA stimulation

(Fig 1H). Our data suggested that microbiota invasion into the

mouse colon is required for IECs to secrete LIF; thus, we next

focused on analyzing the physiological function of LIF in regulat-

ing colitis progression.

High LIF and LIFR expression in the inflamed colon differentially
regulates CD4+ T cells and IECs

The upregulation of LIF in the colon of mice with colitis indicated

that LIF might display a biological function in colon tissue. IL-6

family cytokines bear similar STAT activation patterns (Stahl et al,

1995). Surprisingly, in CD4+ T cells, LIF strongly activated STAT4

in addition to STAT3 (Fig 1I), which has not been reported

before, whereas LIF activated only STAT3 in IECs (Fig 1J). This

differential STAT4 activation pattern is apparently due to the dif-

ferential STAT4 expression profile in different types of cells

(Fig 1K), in agreement with the idea that STAT4 is mainly

expressed in lymphocytes (Frucht et al, 2000). While LIF showed

no effect on the CD4+ T-cell proliferation (Fig 1L), LIF promoted

colon epithelial cell proliferation in a dose-dependent manner

(Fig 1M). In contrast, YAP expression, which is induced by IL-6

and is critical for intestinal epithelial wound healing (Taniguchi

et al, 2015), was induced by LIF in epithelial cells but not in

immune cells (Fig 1I and J). YAP expression in T cells was quite

low (Fig 1I); its paralog, transcriptional coactivator with post-

synaptic density 65-disk large-zonula occludens 1-binding (PDZ)

motif (TAZ), plays a pivotal role in regulating the differentiation

of Treg cells and Th17 cells, but YAP is not involved in this

process (Geng et al, 2017). Taken together, these results indicate

that LIF activates distinct signaling pathways in different cell types

in colon tissue.

Administration of LIF aids mouse colitis remission

Considering that LIF induced STAT4 activation in CD4+ T cells, to

verify whether LIF affects intestinal colitis progression via STAT4
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involvement, we used DSS to induce colitis in wild-type (WT) and

Stat4 knockout (Stat4�/�) mice, followed by intraperitoneal injec-

tion of LIF or phosphate-buffered saline (PBS) as a control. Interest-

ingly, we found that although STAT4 deficiency led to enhanced

pathology in the colitis model, LIF exhibited a therapeutic effect

during colitis pathogenesis only in wild-type mice (Figs 2A–E and

EV1C). LIF-treated wild-type colitis mice displayed a less severe

decrease in body weight (Fig 2A) and a shorter length of colon

LPL IEC
0.0

0.5

1.0

1.5

ST
AT

4
egnahc

dlo f
A NR

m

***LPS
Mock LTA

PGN

Tnfa Il6           Il1b            Lif

***
***** *****

***
***

***ns

ns

* **

0

2

4

6

8

egnahc
dlof

ANR
m

0h
12h

***

***

LPS     LTA 0

100

200

300

400

l
m/gp

FIL
dete r ce S

Mock   LTA     LPS 

- Monesin
+ Monesin

***

***l
m/gp

FIL
deterc eS

0

100

200

300

400

**

Mock DSS0

10

20

30
LI

F
egnahc

dlof
AN R

m
LPL
IEC *

Mock    DSS0

10

20

30

40

50

LI
F

egnahc
dlof

A NR
m

k S0

50

100

150

200

250l
m/gp

FIL
deterc eS

**

Mock DSS 0

50

100

150

200

250

LI
F

egnahc
dlof

ANR
m

SPF
SPF+Abx

Day 0        5       10      15

**

*
**

0

20

40

60

80

100

LI
F

egnah c
dl of

ANR
m

LPL
IEC

Day 0     10  10+Abx

**

***

A  B C  D E

F G  H K

I  J  L

M

LIF:   0    15    30   60    90 (min)

β-ac�n

STAT4

STAT3-pY705

STAT3

YAP

ERK-pT177/T202

0 15 30 60 90
0.0

0.5

1.0

1.5

2.0

2.5

3TATS/507Y3 TA TSp
(in

 IE
Cs

)

LIF (min):0 15 30 60 90
0.0

0.5

1.0

1.5

2.0

2.5

3TATS/507Y 3TA TSp
(in

 C
D4

+  T
 ce

lls
)

LIF (min): LIF (min):0 15 30 60 90
0.0

0.5

1.0

1.5

2.0

4TATS/396Y 4TATSp
(in

 C
D4

+  T
 ce

lls
)

STAT4-pY693

STAT4

LIF:   0    15    30   60    90 (min)

STAT3-pY705

STAT3

YAP

β-ac�n

ns

CD
4+

T 
ce

ll 
N

o.
 (x

10
4 )

 

0 1 2 3 4
0

100

200

300

400

Days

Mock
LIF 20ng/ml
LIF 40ng/ml

**
**

Ep
ith

el
ia

l c
el

l N
o.

 (x
10

4 )
 

0 1 2 3 4 5
0

100

200

300

400 Mock
LIF 20ng/ml
LIF 40ng/ml

Days

Figure 1. Bacterial dysregulation promotes the secretion of LIF by IECs, which differentially affects immune cells and epithelial cells.

A Quantitative expression of Lif mRNA in the colon of DSS-challenged and control mice (n = 6 per group).
B LIF measured by ELISA in mouse colon explant supernatants from DSS-challenged and control mice (n = 4 per group).
C Quantitative expression of Lif mRNA in LPLs and IECs from DSS-challenged and control mice (n = 4 per group).
D Quantitative expression of Lif mRNA in the colon of SPF mice treated with or without antibiotics (Abx) at the indicated time points during colitis induction (n = 3

per group).
E Quantitative expression of Lif mRNA in LPLs and IECs from mice treated with or without Abx at the indicated time points during colitis induction (n = 3 per group).
F mRNA expression of the indicated genes in IECs stimulated by LPS (2.5 lg/ml), PGN (3 lg/ml), or LTA (2 lg/ml) for 2 h.
G, H Serum concentrations of LIF in IEC supernatants untreated (G) or pretreated with monensin (H) followed by LPS (2.5 lg/ml) or LTA (2 lg/ml) for 12 h, as

determined by ELISA. The data are representative of three independent experiments.
I, J Immunoblot analysis of the expression and modification of the indicated proteins in the total cell lysate of CD4+ T cells (I) and IECs (J) treated with LIF (20 ng/ml)

at different time points. The lower panel shows the intensity analysis of the bands from three independent experiments. The data are representative of three
independent experiments.

K Stat4 mRNA expression in LPLs and IECs (n = 6).
L, M The proliferation rate of CD4+ T cells (L) and DLD-1 cells (M) was determined in the presence or absence of LIF.

Data information: The data are representative of two independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 and ns: not significant (Student’s t-test). Error bars
represent the SEM.
Source data are available online for this figure.
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blockage than mice treated with DSS only (Fig 2B and C). The

disease activity index (DAI), including rectal bleeding and diarrhea,

was significantly reduced (Fig 2D), intestinal epithelial damage was

decreased, and goblet cells were restored in LIF-treated wild-type

mice compared to these parameters in DSS-only-treated mice

(Fig 2E). The apparent amelioration effect of LIF was also achieved

in another mouse colitis model, i.e., Rag1�/� mice with colitis initi-

ated by naı̈ve CD4+ T-cell transfer (Fig 2F–I). Genetic ablation of

STAT4 worsened colitis pathology; however, the disease severity in

Stat4�/� mice showed no apparent remission in response to LIF

injection (Fig 2A–E). These results suggested that LIF had a protec-

tive role in colitis pathogenesis via STAT4 activation.
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Figure 2. LIF administration promotes the amelioration of intestinal colitis.

A Weight loss of wild-type (WT) (n = 6) or Stat4 knockout (Stat4-KO) (n = 6) mice receiving intraperitoneal injection of PBS or LIF during challenge with 3% DSS.
B Macroscopic changes in the colon of the mice on day 10 of colitis induction as described in (A).
C Comparison of the colon length in the mice on day 10 of colitis induction as described in (A).
D DAI (stool consistency and bleeding score) of colitis mice treated as described in (A).
E H&E histology of representative colons from colitis mice. Scale bar, 20 lm.
F Weight loss of Rag1�/� (n = 6) mice transferred with CD45RBhi CD4+ T cells and intraperitoneally injected with PBS or LIF for 8 weeks.
G Macroscopic changes in the colon of Rag1�/� mice treated as described in (F).
H Comparison of colon lengths in the Rag1�/� mice at week 8 (n = 5).
I H&E histology of representative mouse colons on day 54 of colitis induction as described in (F). Scale bar, 100 lm.

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test). Error bars represent the SEM.
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LIF activates STAT4 to block Th17-cell differentiation in the
mouse colitis model and in vitro

Furthermore, cells with activated STAT4 (tyrosine 693-phosphory-

lated STAT4) were highly enriched in the colonic lamina propria of

wild-type mice with colitis (Fig 3A). In the spleen extract from mice

with colitis, LIF treatment induced a significant increase in STAT4

phosphorylation compared to that in PBS-treated control mice

(Fig 3B). In the inflamed mouse colon, the percentage of proin-

flammatory Th17 cells was increased. Interestingly, we found that

the injection of LIF reduced the accumulation of both IL-17A single-

positive and IL-17A and IFNc double-positive Th17 cells, which

represent nonpathogenic and pathogenic Th17 cells, respectively, in

wild-type mice (Figs 3C and EV1D). In Stat4�/� mice, however, DSS

failed to induce Th17-cell accumulation, and LIF injection actually

slightly increased Th17-cell induction (Figs 3C and EV1D). LIF

showed no effect on Th1-cell accumulation in either wild-type or

Stat4�/� mice (Figs 3C and EV1D). Correspondingly, Il17a mRNA

level decreased significantly in mesenteric lymph nodes (MLNs) and

draining lymph nodes (LNs) of LIF-treated wild-type mice,

compared with that in wild-type mice treated with DSS only

(Fig 3D). In lymph node tissue from Stat4�/� mice, LIF treatment

moderately enhanced rather than decreasing the percentage of Th17

cells (Fig 3D), suggesting that the inhibitory effect of LIF on Th17

cells involved STAT4.

To confirm the in vivo phenotype, we isolated naı̈ve CD4+ T cells

to induce T helper subset differentiation in vitro in the presence or

absence of LIF. STAT4 has previously been noted to be required for

Th17-cell differentiation (Mathur et al, 2007). Indeed, Th17-cell

differentiation was reduced by 50% in Stat4�/� naı̈ve CD4+ T cells

(Fig 3E). However, LIF treatment of naı̈ve CD4+ T cells markedly

terminated the differentiation of wild-type Th17 cells (Fig 3E). This

termination effect of LIF on Th17 differentiation was completely

abolished in Stat4�/� T cells. The expression of the Th17-cell signa-

ture genes Il17a, Rorc, and Il23r was significantly inhibited in LIF-

treated Th17 cells (Fig 3F). STAT4 deficiency decreased the expres-

sion of these genes, but the expression of these genes increased

appreciably in the presence of LIF in Stat4�/� Th17 cells (Fig 3F).

We further tested the inhibitory effect of LIF under two different

Th17-cell induction conditions. IL-6 and TGFb primed nonpatho-

genic Th17-cell differentiation; IL-6, IL-23, and IL-1b induced patho-

genic Th17-cell development. The results indicated that LIF

inhibited the differentiation of both pathogenic and nonpathogenic

Th17 cells in wild-type CD4+ T cells; however, the inhibitory effect

of LIF on Th17 cells vanished in Stat4-deficient CD4+ T cells

(Fig 3G). Th1-cell differentiation relies on STAT4 activation by IL-12

(Jacobson et al, 1995). As expected, STAT4 deficiency markedly

blocked Th1-cell differentiation, which was not affected by

LIF (Fig EV1E). The expression of the Th1-cell signature genes

Ifng, Tbx21, and Il12rb2 was similar in LIF-treated and

LIF-untreated wild-type Th1 cells (Fig EV1F). However, neither LIF

treatment nor STAT4 deficiency affected Th2- or Treg-cell differenti-

ation (Fig EV1E and G). Together, these in vivo and in vitro

results suggested that the inhibitory effect of LIF on Th17-cell

differentiation was largely dependent on STAT4.

“SPXX Repeats” dissociate STAT4 from LIFR for activation

To investigate the means by which LIF activates STAT4 in CD4+ T

cells, we pretreated CD4+ T cells with the JAK2 inhibitor

LY2784544, which abolished the induction of STAT4 tyrosine phos-

phorylation by LIF in CD4+ T cells (Fig 4A), indicating that STAT4

activation by LIF occurred via canonical JAK-STAT activation.

Brenner’s group recently reported that in human fibroblasts, LIF

promoted STAT4 activation via LIFR in an autocrine manner

(Nguyen et al, 2017). Furthermore, gp130 is implicated in STAT4

activation during IL-35 signaling (Collison et al, 2012). We found

that the interaction between gp130 and STAT4 displayed a LIF-inde-

pendent pattern (Fig EV2A). However, the interaction between LIFR

and STAT4 was dynamic and dependent on LIF stimulation in both

immune cells (Fig 4B) and HEK293T cells transiently transfected

with LIFR and STAT4 (Fig 4C).

Interestingly, both STAT4 and LIFR contain four SPXX motifs

within their C-terminal regions (Fig 4D). LIFR is phosphorylated

on these four SPXX motifs upon LIF treatment in mouse embry-

onic stem cells (Wang et al, 2017b). Mass spectrometry analysis

revealed that LIF-activated STAT4 was also phosphorylated on

three SPXX motifs: Ser713, Ser721, and Ser733 (Fig 4E). The Pro-

Met-Ser(721)-Pro motif is the well-known motif conserved among

all STAT family members (Darnell, 1997). To confirm the mass

spectrometry results, we developed a specific antibody to detect

phosphorylation on STAT4-S713 and STAT4-S733; an anti-phos-

phorylated STAT4-S721 antibody is commercially available. LIF

treatment increased phosphorylation on STAT4-S713 as well as

STAT4-Y693 in immune cells; however, the S721 and S733 resi-

dues of STAT4 were constitutively phosphorylated (Fig 4F). We

▸Figure 3. LIF activates STAT4 to block Th17-cell differentiation in the mouse colitis model and in vitro.

A Colons obtained from WT or Stat4-KO mice on day 10 of the colitis model induced as in Fig 2A were immunostained with an antibody against phosphorylated STAT4.
Scale bar, 50 lm.

B Immunoblot analysis of STAT4 phosphorylation in spleen tissue from colitis mice.
C FACS staining of LPLs isolated on day 10 from the colon of WT or Stat4-KO colitis mice receiving PBS or LIF (n = 4 per group). The percentage of IL-17A+ and/or IFNc+

CD4+ T cells in vivo was analyzed.
D Quantitative expression of Il17a mRNA in MLNs and LNs from colitis mice treated as described in Fig 2A (n = 3 per group).
E FACS staining of WT and Stat4-KO naïve CD4+ T cells treated with LIF (50 ng/ml) on day 4 of induction into Th17-cell subsets.
F qPCR analysis of Th17-related genes in WT or Stat4-KO naïve CD4+ T cells on day 4 of induction into Th17-cell subsets in the absence or presence of LIF (n = 3 per

group).
G FACS staining of WT or Stat4-KO naïve CD4+ T cells treated with LIF (50 ng/ml) on day 4 of induction into nonpathogenic or pathogenic Th17 cells. The data are

representative of three independent experiments.

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test). Error bars represent the SEM.
Source data are available online for this figure.
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then constructed individual serine-to-alanine (S-to-A) mutants of

STAT4, and STAT4 and LIFR with SPXX motif deletion (DSP)
vectors. The STAT4-S713A mutant and, to a lesser extent, the

STAT4-S743A mutant exhibited increased LIFR-binding activity,

whereas the interaction of the STAT4-S721A and STAT4-S733A

mutants with LIFR was not appreciably affected (Fig 4G). In addi-

tion, the interaction between LIFR-DSP and STAT4-DSP in

HEK293T cells was noticeably enhanced (Fig 4H). Hence, we

hypothesized that phosphorylation on SPXX motifs dissociates LIF-

activated STAT4 from LIFR for nuclear translocation.

STAT proteins undergo dimerization upon activation by cytoki-

nes, followed by nuclear translocation and downstream gene

promoter activation (Schindler & Darnell, 1995; Heim, 1996). STAT4

homodimers have been linked to the signaling pathways activated

by IL-12, IFNa, and IL-23 (Jacobson et al, 1995; Nguyen et al, 2002;

Parham et al, 2002). Both IL-12 and IL-23 can induce STAT3-STAT4

heterodimer formation in T cells (Jacobson et al, 1995; Parham

et al, 2002). We proved that LIF stimulation induced LIFR recruit-

ment of STAT3 and STAT4 (Fig 4C). In addition, LIF stimulation

promoted the formation of not only STAT4 homodimers but also

STAT3-STAT4 heterodimers (Figs 4I and EV2B). The presence of

STAT4 did not attenuate STAT3 activation either in T cells or in

cells ectopically expressing STAT4 (Figs 1I and 4B, and EV2C–E),

and STAT4 exhibited only a minor effect on the interaction between

LIFR and STAT3 (Fig 4C). STAT3 and STAT4 translocated to and

colocalized in the nucleus upon LIF treatment (Figs 4J and K, and

EV2F). Therefore, LIF induces canonical tyrosine phosphorylation of

STAT4 to activate it and noncanonical serine phosphorylation to

dissociate it from LIFR; STAT4 then undergoes homo-or

heterodimerization for nuclear translocation.

STAT4 modulates the gene expression profile during
Th17-cell differentiation

To investigate STAT4 transcriptional activity during Th17-cell dif-

ferentiation, we analyzed the gene expression profile in LPLs by

performing gene microarray analysis. Unlike IL-6, which upregu-

lates gene expression mainly via STAT3 activation (Wehinger et al,

1996; Wrighting & Andrews, 2006), LIF both up- and down-

regulated gene expression via STAT4 (Fig EV3A–C). Differential

analysis of wild-type mice versus Stat4�/� mice revealed that

4,073 genes were upregulated and 4,563 genes were down-

regulated by LIF-STAT4 signaling (Fig EV3B). This pattern strongly

indicates that STAT4 has more negative than positive regulatory

effects of gene expression.

In LIF-treated LPLs, the expression of Th17 signature and posi-

tively regulated genes, including Il17f, Il21, Cxcr4, and Ccr5, was

inhibited (Yosef et al, 2013), whereas the mRNA expression of

signature genes for other T-cell lineages, including Ifngr1, Il2, and

Csf2, was unaffected or even increased (Fig 5A). The gene expression

of Th17 master regulators such as Batf, Irf4, and Runx1 was

decreased, and the expression of Ikzf4, which is involved in a Th17-

negative regulatory module (Yosef et al, 2013), increased in LIF-

treated LPLs (Figs 5B and C, and EV3D). Here, STAT4 was obviously

an essential regulator, because STAT4 deficiency abolished the regu-

latory effect of LIF on these genes (Fig 5A–C). Since LPLs isolated

from the colon were a mixture of various lymphocytes, we harvested

Th17 cells differentiated in vitro to further confirm these gene expres-

sion profiles. The Il17a gene exhibited a similar expression pattern in

both Th17 cells and LPLs (Figs 3F and 5B). The qPCR results showed

that inhibitory genes of Th17 differentiation, such as Il2, Ccl3, and

Il31ra, exhibited increased expression in response to LIF treatment in

wild-type but not in Stat4�/� Th17 cells (Fig 5D), consistent with the

results of the gene microarray analysis. However, under in vitro dif-

ferentiation conditions, the expression of Th17-cell master regulatory

genes was not affected by the presence of LIF or by Stat4 deficiency

(Fig EV3E and F). The non-Th17-cell module genes Cxcl13 and Csf2

were upregulated when Th17 cells were induced in the presence of

LIF, but this upregulation was STAT4-independent (Fig EV3F). These

results suggested that we focus on IL-2, CCL3, and IL-31Ra in explor-

ing the molecular mechanism; there are few informative studies

about the effect of CCL3 or IL-31Ra on Th17-cell differentiation, but

IL-2 has been reported to activate STAT5 to inhibit IL-17 expression

(Yang et al, 2011). However, IL-2 can activate STAT4 only in natural

killer cells, not in T cells (Wang et al, 1999). Thus, LIF-STAT4 signal-

ing inhibits Th17-cell differentiation by a mechanism independent of

Th17-cell master regulators or via indirect molecules. Furthermore,

STAT4 functioned as a negative regulator in immune cells under LIF

stimulation to regulate IL-17 expression.

Reciprocal regulatory effects of STAT4 and STAT3 on Il17 gene
regulation in Th17 cells

We next hypothesized that STAT4 has a direct effect on the Il17

gene locus. STAT3 is a positive transcription factor for both Il17a

and Il17f (O’Shea & Murray, 2008; Mukasa et al, 2010). Both STAT3

▸Figure 4. LIF-activated STAT4 is phosphorylated on SPXX motifs within the C-terminal transcription regulation domain.

A Immunoblot analysis of STAT4 phosphorylation in CD4+ T cells pretreated with PBS or LY2784544 (1 lM) for 12 h followed by LIF for the indicated number of
minutes.

B Immunoblot analysis of CD4+ T cells treated with LIF for the indicated number of minutes followed by immunoprecipitation with an anti-LIFR antibody.
C Coimmunoprecipitation and immunoblot analysis of LIF-treated HEK293T cells cotransfected with the indicated constructs. The red asterisks denote phosphorylated

STAT bands.
D Sequence alignment showing that the C-terminus of STAT4 and LIFR contains four SP repeats in both humans and mice. The SPXX motifs are displayed and

underlined in red. The red asterisks point out the potential phosphorylated serine residues.
E The mass spectrometry analysis of purified STAT4 protein revealed the phosphorylation of STAT4 at serine residues in the C-terminus.
F Immunoblot analysis of the indicated protein modifications in the total lysate of CD4+ T cells treated with LIF (20 ng/ml) at different time points.
G–I Coimmunoprecipitation and immunoblot analysis of LIF-treated HEK293T cells cotransfected with the indicated constructs.
J Immunoblot analysis of the distribution of the indicated proteins in the CD4+ T-cell fraction.
K Cultured HeLa cells transfected with GFP-tagged STAT constructs were exposed to LIF and imaged 30 min later. Scale bar, 50 lm.

Source data are available online for this figure.
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and STAT4 can bind to similar palindrome DNA elements, cis-

inducible elements (SIE), or IFNc-activated sequences (GAS) with

different activities (Ehret et al, 2001; Mukasa et al, 2010). In the

GAS-luciferase reporter assay, STAT4 responded to LIF, resulting in

GAS-dependent luciferase reporter activation (Fig 5E). As expected,

STAT4-DSP had stronger transcriptional activity than full-length

STAT4 in response to LIF treatment (Fig 5E), suggesting that SPXX

phosphorylation plays a negative regulatory role in STAT4 activity.

We tested individual S-to-A mutants of STAT4 and noted that in

HEK293T cells, the S713A mutant exhibited enhanced GAS-luciferase

reporter activity (Fig 5F), in agreement with the findings that S713

phosphorylation dissociates STAT4 from LIFR, as shown in Fig 4G.

We previously reported that STAT3 not only binds to the canonical

SIE “TTCXXXGAA” but also binds to the AGG element “AGGXXXAGG”

(Xu et al, 2015). In STAT3-null mouse embryonic fibroblasts (MEFs)

cotransfected with STAT4 and STAT3, STAT4 further inhibited STAT3

activity during SIE-driven or AGG element-driven luciferase reporter

activation (Fig 5G and H). STAT4 alone could drive SIE or AGG

elements to initiate transcription, but the transcriptional activity of

STAT4 was much lower than that of STAT3 (Fig 5G and H). Notably,

the SIE had a greater impact than the AGG element on luciferase

reporter activation.

The Il17a promoter contains three SIEs; the Il17f promoter, one.

However, three AGG elements were identified within the Il17a and

Il17f promoters (Fig 5I). To confirm the direct regulation of the

Il17a-Il17f locus by STAT4, we performed a chromatin immunopre-

cipitation (ChIP) analysis. We obtained naı̈ve CD4+ T cells from

IL17A-eGFP knock-in mice to selectively study IL-17A-producing

Th17 cells, and we next screened potential STAT3 and/or STAT4

promoter association at the Il17a-Il17f locus with designed primers

by performing ChIP-qPCR in Th17 cells. The ChIP-qPCR results

clearly showed that STAT3 binds to both SIE and AGG elements

(Fig 5J and K). LIF treatment decreased STAT3 binding but

increased STAT4 binding to both SIE and AGG elements. Strikingly,

STAT4 bound strongly to the AGG elements p1, p2, and p10

(Fig 5J). We used wild-type and Stat4-deficient CD4+ T cells

differentiated by IL-6 and TGFb for ChIP-qPCR, and we found that

without STAT4, LIF lost the ability to block STAT3 binding to SIEs

or AGG elements (Fig 5K). STAT4 binding correlated significantly

with the decreased binding of STAT3 to SIE and AGG elements,

suggesting that STAT4 directly interfered with the binding ability of

STAT3 at these loci. With less STAT3 on SIE and AGG elements and

more STAT4 on the inefficient AGG elements, Il17a/f gene transcrip-

tion decreased. We then constructed luciferase reporter vectors

containing Il17a SIE or AGG elements. STAT3 but not STAT4

responded well to either IL-6 or LIF in inducing Il17a-SIE-luciferase

reporter activation (Fig 5L, left panel). Whereas STAT3 responded

to IL-6, STAT4 responded to LIF in inducing Il17a-AGG element luci-

ferase reporter activation (Fig 5L, right panel). Furthermore, we

constructed a luciferase reporter vector containing the Il17a

promoter sequence with the six AGG elements and SIEs. Wild-type

STAT4 strongly inhibited STAT3 activity in initiating Il17a transcrip-

tion upon LIF treatment, but the STAT4 S713A mutant and the

STAT4 SPXX repeat deletion mutant exhibited lower inhibition of

STAT3 function, suggesting that the LIF-induced noncanonical phos-

phorylation of STAT4 S713 negatively regulated STAT4 transcrip-

tional activity and was involved in Th17-cell regulation (Fig 5M).

LIF recruited STAT4 to the Il17a-Il17f locus to restrict STAT3-depen-

dent Il17 gene expression, in agreement with the previous finding

that in IL-12-restimulated Th17 cells, STAT4 repressed Il17a and

Il17f expression (Ivanov et al, 2008).

Taken together, these results demonstrated that in the presence

of LIF, hyperactive SIEs were poorly activated, whereas hypoactive

AGG elements became fully occupied by STAT4, leading to less dif-

ferentiation of Th17 cells.

LIF activates STAT3 and YAP to promote IEC proliferation

As Fig 1J shows, LIF induced STAT3 activation and YAP expression

in IECs expressing extremely low levels of STAT4 (Fig 1J and K).

However, LIF stimulated epithelial cell proliferation (Fig 1M). With

Th17-cell inhibition, LIF decreased inflammation in the colon; thus,

▸Figure 5. Reciprocal role of STAT4 and STAT3 on gene regulation in immune cells.

A Heatmap showing Th17 signature genes (left) or Th17 regulatory genes (right) up- or downregulated in WT or Stat4-KO LPLs by LIF treatment (n = 2).
B, C Quantitative mRNA expression analysis of the indicated genes in LPLs from colitis mice (n = 3 per group).
D Quantitative mRNA expression analysis of the indicated genes in WT or Stat4-KO naïve CD4+ T cells on day 4 of induction into Th17-cell subsets in the absence or

presence of LIF.
E, F The GAS-luciferase reporter activity assay was performed in Stat3�/� MEFs transfected with empty vector (EV) or STAT4 constructs and then treated with LIF for

8 h.
G, H Relative SIE-(I) or AGG-luciferase reporter (J) activities in Stat3�/� MEFs transfected with EV or the indicated STAT constructs and treated with LIF for 8 h. The data

are representative of three independent experiments (D-H).
I The Il17a/Il17f locus, including qPCR primer sites covering SIEs (purple triangles) or AGG elements (green triangles).
J ChIP analysis of naïve CD4+ T cells obtained from IL-17A-eGFP mice cultured under Th0 or Th17 conditions in the absence or presence of LIF for 3 days. GFP+ cells

isolated by flow cytometry were restimulated with IL-6 in the presence or absence of LIF, crosslinked with formaldehyde and immunoprecipitated with anti-STAT3
(top) or anti-STAT4 (bottom) antibodies, followed by the amplification of the immunoprecipitated DNA by quantitative PCR with the p1-p10 primer pairs. The
results are presented relative to the amount of input DNA.

K ChIP analysis of naïve WT or Stat4-KO CD4+ T cells cultured under Th0 or Th17 conditions in the absence or presence of LIF for 3 days. The cells were restimulated
with IL-6 or LIF for 30 min, crosslinked with formaldehyde, and immunoprecipitated with the anti-STAT3 antibody, followed by the amplification of the
immunoprecipitated DNA by quantitative PCR with the p1-p10 primer pairs. The results are presented relative to the amount of input DNA. The data are
representative of two independent experiments (J-K)

L Relative Il17a-SIE- (left) or AGG-luciferase reporter (right) activities in Stat3�/� MEFs transfected with EV, STAT3, or STAT4 or cotransfected with STAT3 and STAT4
and then treated with IL-6 or LIF for 8 h.

M Relative Il17a promoter-luciferase reporter activities in Stat3�/� MEFs transfected with the indicated constructs and then treated with LIF for 8 h. The data are
representative of three experiments (L-M).

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test). Error bars represent the SEM.
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we further investigated whether LIF can also drive intestinal

epithelial wound healing in the damaged colon. We analyzed

epithelial cell proliferation via Ki67 and cleaved caspase 3 stain-

ing of colon tissues obtained from mice with DSS-induced colitis.

LIF administration dramatically increased the proliferation and

inhibited the apoptosis of IECs (Figs 6A–C and EV4A). Signifi-

cantly enhanced cell proliferation accompanied appreciably

reduced apoptosis in Stat4�/� mice, as revealed by the Ki67 and

cleaved caspase 3 staining (Fig 6A–C). Furthermore, genes involved

in the cell cycle and cell proliferation, such as Cdk2, c-Myc, Pcna, and

Yap, responded to LIF in wild-type animals and to DSS challenge in

Stat4�/� mice (Fig 6D and E). However, the expression of other cell

cycle promotion genes, such as Ccnd1, e2f3, Mybl1, and the intestinal

stem cell marker Cd44, did not change with LIF treatment (Fig EV4B).

Therefore, like IL-6, LIF promoted IEC proliferation and conferred

resistance to mucosal erosion, presumably via the activation of

STAT3 and/or other pathways (Taniguchi et al, 2015).

As previously reported, YAP protein accumulation in response

to gp130-Src pathway activation is responsible for IEC prolifera-

tion (Taniguchi et al, 2015). We found that YAP mRNA and

protein level were increased in LIF-treated epithelial cells

(Fig 6E–G), suggesting that transcriptional regulation was

involved. Although epithelial cells expressed low levels of STAT4

(Fig 1J), YAP induction by LIF was markedly elevated in Stat4-

deficient IECs (Fig 6G), indicating that STAT4 plays a negative

role in gene regulation in epithelial cells. Interestingly, the Yap

promoter contains five AGG elements that are largely conserved

between humans and mice (Fig 6H). To test whether STAT3 or

STAT4 could bind to AGG elements in the Yap promoter, we

constructed a luciferase reporter vector containing the mouse Yap

promoter, including 2 AGG elements (positions 412–436)

(Fig 6H). STAT3 activation by LIF but not IL-6 induced the acti-

vation of this Yap AGG-luciferase reporter (Fig 6I). In addition,

LIF injection resulted in increased nuclear accumulation of acti-

vated STAT3 (pY705) in the intestine of mice with DSS-induced

colitis, especially in proliferating crypts of the intestine, compared

to that in control mouse intestines (Fig EV4C). In contrast, STAT4

inhibited YAP-luciferase reporter activation by LIF. However,

although exogenously expressed STAT4 blocked STAT3-induced

activation of YAP in vitro, the negative regulation of YAP expres-

sion by STAT4 exhibited only a minor effect on IEC proliferation

in vivo (Fig 6A).

We applied RNA sequencing to analyze the gene expression pro-

file in IECs. The number of genes upregulated or downregulated by

LIF treatment was similar and unaffected by STAT4 deficiency

(Fig 6J). We noticed that in primary IECs, LIF stimulation but not

STAT4-deficiency induced YAP mRNA expression; however, the

mRNA expression of the YAP target gene connective tissue growth

factor (CTGF) was appreciably increased in both Stat4�/� IECs and

LIF-treated wild-type IECs (Fig 6K). Neither LIF stimulation nor

STAT4 deficiency exhibited a significant effect on other gp130-acti-

vated Notch pathway genes (Taniguchi et al, 2015) (Fig 6K). LIF-

activated STAT4 displays a more negative than positive regulatory

effect on gene expression in both LPLs and IECs, but STAT4 exerted

a stronger effect in LPLs than in IECs. Therefore, in IECs, LIF

bypasses the extraordinarily low level of STAT4 to induce YAP gene

expression via STAT3 activation, leading to the repair of damaged

colon tissue.

LIF treatment modulates the outgrowth of the proinflammatory
microbiota to attenuate colitis pathology

In Fig 1J, we noticed the dynamic expression pattern of LIF in

the mouse colon during colitis progression. Bacterial endotoxin

was required for IECs to secrete LIF, and LIF expression declined

on day 15. Previous studies have fully illustrated that IECs play

diverse functions in maintaining intestinal homeostasis, including

the physical segregation of commensal bacteria and the integra-

tion of microbial signals (Mankertz & Schulzke, 2007; Peterson &

Artis, 2014). As Fig 6 shows, we proved that LIF promoted the

repair of damaged intestinal epithelia and exhibited a dynamic

expression pattern, indicating that repaired IECs might prevent

bacterial invasion into the colon. To explore whether LIF-induced

epithelial repair affected the microbiota composition in this DSS-

induced colitis model, we performed 16S rRNA gene sequencing

of feces from wild-type or Stat4�/� mice treated with or without

LIF. The fecal bacteria composition changed in wild-type and

Stat4�/� mice under DSS challenge alone (Fig 7A). However, LIF

treatment kept the bacterial composition of DSS-challenged wild-

type mice similar to that of control wild-type mice but displayed

only a weak effect on the bacterial community composition in

Stat4�/� mice.

Further analysis showed that STAT4 deficiency greatly impacted

the commensal microbiota composition in the colon; the outgrowth

of proinflammatory microbes increased dramatically in Stat4�/� mice

(Fig 7B–D). We hypothesized that the low level of effector Th1 and

Th17 cells in Stat4-deficient mice led to inefficient immune defense

and bacterial clearance. The abundance of the phylum Proteobacteria

was elevated in both wild-type and Stat4�/� mice with colitis

(Figs 7B and C, and EV5A), consistent with the findings of a previous

report (Lupp et al, 2007). However, there was a greater increase in

the abundance of phylum Proteobacteria in Stat4�/� mice under DSS

challenge, although more IECs proliferated in Stat4�/� mice, indicat-

ing that without an integrated defense system, Proteobacteria grow

much more vigorously. However, the growth of Proteobacteria was

inhibited significantly in LIF-treated wild-type mice (Fig 7B and C).

From the family-level analysis, we found that although the fecal

bacteria composition differed between wild-type and Stat4�/� mice,

the effect of LIF was obvious only in wild-type mice. The abundance

of the family Enterobacteriaceae in the phylum Proteobacteria

decreased in LIF-treated wild-type mice (Fig 7D, top). The abundance

of Escherichia-Shigella, genera in the family Enterobacteriaceae,

increased more significantly in Stat4�/� mice than in wild-type mice

with colitis, but LIF treatment effectively inhibited Escherichia-

Shigella growth in wild-type mice (Fig 7D, bottom and Fig EV5B).

Utilizing a qPCR approach, we confirmed the level of fecal

Proteobacteria, Enterobacteriaceae, and Escherichia-Shigella in the

feces of wild-type and Stat4�/� mice treated or not treated with LIF

(Fig 7E). In the damaged colon, dysregulation or altered coloniza-

tion of commensal microbiota activates innate immune cells to

produce more proinflammatory cytokines, such as IL-6 and TNFa,
which are the main cause of overt inflammation (Rakoff-Nahoum

et al, 2004; Grivennikov, 2013). In addition, we found that LIF

treatment led to the decreased expression of the proinflammatory

cytokines IL-6, TNFa, and IL-1b in the colon of wild-type colitis

mice but not Stat4�/� colitis mice (Fig 7F). In addition to the LIF-

induced transcriptional regulation of the Il17a/f promoter in Th17
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cells, the levels of pathogenic and nonpathogenic Th17 cells were

unsurprisingly lower in the colon due to the decrease in IL-6 and

IL-1b (Fig 4C).

Collectively, our data suggested that bacteria invaded the intesti-

nal epithelium when DSS induced chemical damage to the intestine

and that IECs secreted LIF to promote the repair of damaged
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Figure 6. STAT3 is responsible for YAP gene expression and cell proliferation in the intestinal.

A–C Ki67 and cleaved caspase 3 staining of representative colons obtained from mice on day 10 of colitis induction as described in Fig 2A. The number of proliferating
cells per crypt in (A) (upper panel) or apoptotic cells per field in (B) was determined (n = 5 per group, 5 crypts were counted per mouse). Scale bar, 50 lm.

D, E Quantitative mRNA expression analysis of the indicated genes in colon tissues obtained fromWT or Stat4-KO colitis mice treated as described in Fig 2A (n = 3 per group).
F Immunoblot analysis of the expression and modification of the indicated proteins in DLD-1 cells treated with LIF (20 ng/ml) for different durations.
G Immunoblot analysis of YAP expression in WT or Stat4-KO IECs treated with LIF (20 ng/ml) for different durations; b-actin was used as a loading control (top). The

statistical analysis of YAP protein intensity is shown in the bottom panel. The data are representative of three experiments.
H The human and mouse Yap promoter locus contains multiple AGG elements, as indicated.
I Relative YAP promoter-luciferase reporter activities in HEK293T cells transfected with EV, STAT3, or STAT4 and then treated with IL-6 or LIF for 8 h. The data are

representative of three experiments.
J, K RNA sequencing analysis of the gene expression profile in IECs treated with or without LIF (50 ng/ml) for 6 h. Statistical analysis of the average fragments per

kilobase of transcript per million mapped reads (J). Heatmap showing the expression profile of cell proliferation-related genes in LIF-treated or control IECs (Ctrl) (K).

Data information: *P < 0.05, **P < 0.01, and ***P < 0.001 (Student’s t-test). Error bars represent the SEM.
Source data are available online for this figure.
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Figure 7. LIF treatment modulates the outgrowth of the proinflammatory microbiota during intestinal inflammation.

A Principal coordinate analysis (PCoA) of the microbiota composition determined by 16S rRNA gene sequencing of day 0 and day 9 fecal specimens from mice treated
as described in Fig 5A (n = 5 or 6 per group). Each symbol represents an individual mouse. PC1 and PC2 represent principal components 1 and 2, respectively.

B The bars depict the average relative abundance of the bacterial phyla of the microbiota in fecal specimens, as determined by taxon-based analyses as described in (A)
(n = 5 per group).

C 16S rRNA sequencing analyses of the Proteobacteria distribution in feces from WT or Stat4-KO colitis mice. (n = 5 per group).
D Heatmap depicting the relative abundance of microbes at the family level (top) and the genus level (bottom) in the fecal specimens described in (A) (n = 3 per group).
E qPCR of the 16S rRNA genes of microbes in the phylum Proteobacteria, family Enterobacteriaceae, and genera Escherichia-Shigella in the feces of the indicated mice

on day 0 and day 10 (n = 6 per group) of colitis induction.
F Quantitative mRNA expression analysis of proinflammatory genes in the colon of mice (n = 3 per group) treated as described in Fig 2A.

Data information: **P < 0.01 and ***P < 0.001 (Student’s t-test). Error bars represent the SEM.
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epithelia as a negative feedback mechanism. Conversely, autocrine

LIF helped the intestinal barrier prevent bacterial invasion and stop

microbiota dysbiosis in the mouse colon. However, LIF acted

directly on inflammatory Th17 cells via STAT4 activation to abro-

gate the increase in inflammation. Via intestinal repair, microbiota

homeostasis, and Th17-cell inhibition, LIF facilitated the remission

of intestinal inflammation (Fig 8).

Discussion

The intestine is either the home where host cells and microbiota

live and function cooperatively or the arena where these cells

wrestle (Thierfelder et al, 1996; Bouma & Strober, 2003). During

intestinal inflammation, however, stress on the microbiota triggers

cytokine secretion from host cells or even cytokine storm. LIF

expression is induced in mice with DSS-induced colitis, consistent

with the finding that LIF expression is increased in UC patients

(Guimbaud et al, 1998). LIF secreted from IECs can affect IECs in an

autocrine manner or affect LPLs in a paracrine manner to generate

quite different outputs that eventually affect intestinal microbiota

homeostasis.

Th17 cells play critical roles during the pathogenesis of many

autoimmune diseases. For example, LIF suppresses experimental

autoimmune encephalomyelitis (EAE) pathology via the inhibition

of Th17-cell differentiation (Cao et al, 2011). Th17 cells also play

critical roles in driving intestinal inflammation in IBD. Our findings

proved that LIF also decreases the percentage of Th17 cells in the

lamina propria in the mouse colitis model, but in a STAT4-depen-

dent manner. While STAT3 activation by IL-6 promotes the differen-

tiation of naı̈ve CD4+ T cells into Th17 cells, STAT4 activation by

IL-12 promotes the differentiation of naı̈ve CD4+ T cells into Th1

cells (Kaplan et al, 1996; Thierfelder et al, 1996). However, STAT4

and STAT3 seem to cooperate in Th17-cell differentiation; naı̈ve

CD4+ T cells obtained from Stat4�/� mice exhibited an apparent

defect in Th17-cell differentiation in response to IL-6 and IL-23

(Mathur et al, 2007), suggesting that the positive regulatory effects

of STAT4 under Th17-cell differentiation conditions are involved.

This hypothesis is reasonable because IL-23 receptors are composed

of the IL-23 receptor and the IL-12 receptor IL-12Rb, which can acti-

vate STAT4 (Parham et al, 2002). Although the pros and cons of

STAT4 activity in Th17 differentiation are rather inexplicable, the

different posttranslational patterns of STAT4 under different cyto-

kine induction conditions provide a good explanation.

IL-6 family cytokines are actively involved in the JAK-STAT

signaling pathway. Although it does not affect STAT3, LIF can acti-

vate STAT1 in many different cell types (Durbin et al, 1996; Fujio

et al, 1997; Jenab & Morris, 1998). Until recently, Brenner’s group

reported that LIF expression is elevated in both human and mouse

models of arthritis and drives the transcription and activation of

STAT4 in fibroblasts, leading to the sustained release of inflamma-

tory mediators, including IL6, IL-1b, and IL-11 (Nguyen et al, 2017).

This group demonstrated that LIFR and STAT4 form a molecular

complex with the JAK1 and TYK2 kinases, controlling STAT4 activa-

tion and binding to the Il6 promoter in TNF- and IL-17-treated

fibroblasts, which in turn maintains fibroblast-mediated inflamma-

tion. Fibroblast-mediated inflammation is distinct from leukocyte-

mediated inflammation. In CD4+ T cells, we noted that LIF can acti-

vate STAT4 in addition to STAT3. STAT4 is phosphorylated not only

at the canonical Y693 site but also at S713 in the C-terminal tran-

scriptional regulation domain. Surprisingly, S713 phosphorylation

negatively regulated STAT4 transcription and did not improve the

ability of STAT4 to compete with STAT3 for promoter binding.

STAT family proteins are structurally related, but they can have

opposite regulatory effects on gene expression (Walker et al, 2013).

We proved that activated STAT3 and STAT4 can bind to the same

DNA sequences, including classical SIEs and newly defined AGG

elements on the Il17a/f promoters, but LIF promoted STAT4
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competition with STAT3, leading to greater STAT4 occupation of

these elements and lower expression of the Il17a/f genes. Therefore,

STAT4 becomes an inefficient transcription factor under LIF treat-

ment in Th17 cells. Interestingly, the C-terminal region of LIFR also

contains four SPXX repeats, which are phosphorylated by MAPK to

inhibit STAT3 activation by LIFR (Wang et al, 2017b). This mecha-

nism suggests that the SPXX motif plays a negative regulatory role

in multiple proteins. Since T cells in the colonic lamina propria are

master regulators in maintaining intestinal homeostasis, it is plausible

that LIF-STAT4 signaling regulates colitis pathology. As expected, LIF

administration dramatically ameliorated colitis pathology in the

mouse model, but only in wild-type mice, not in Stat4�/� mice.

Recent studies discovered that innate lymphoid cells (ILCs)

control innate immunity at mucosal surfaces and mediate experi-

mental innate immune-mediated colitis (Buonocore et al, 2010).

ILCs are a growing family of immune cells and include

IFNc-secreting ILC1 cells; IL-5-, IL-9-, and IL-13-secreting ILC2 cells;

IL-17-, IL-22-, and IFNc-secreting ILC3 cells; and IL-10- and TGF-b1-
secreting ILC regulatory (ILCreg) cells (Eberl et al, 2015; Wang et al,

2017a). In humans, IL-17-producing ILC3 cells were noted in the

inflamed mucosa of patients with Crohn’s disease but not in patients

with UC (Geremia et al, 2011). Other studies have shown that IL-17-

producing Th17 cells in the colonic lamina propria were increased

in both Crohn’s disease and UC (Kobayashi et al, 2008). The charac-

teristics of DSS-induced colitis in the mouse model resemble those

of human UC (Wirtz et al, 2017). Severe combined immunodefi-

ciency (SCID) and Rag�/� mice develop severe intestinal inflamma-

tion under DSS challenge, indicating that DSS-induced acute colitis

can progress without the help of adaptive immune cells (Dieleman

et al, 1994). However, T cells have been demonstrated to accumu-

late in inflamed mucosa in DSS-induced colitis mice (Dieleman et al,

1998). Unsurprisingly, we also found Th17-cell accumulation in the

inflamed colon. However, LIF appreciably inhibited the accumula-

tion of IL-17A+ Th17 cells, but not IL-17A+ ILC3 cells (data not

shown). IL-23 and IL-1b are responsible for the development of IL-

17A-producing ILC3 cells, and RORct is the main transcriptional

regulator of ILC3 cells; IL-6 is not required for ILC3 cell develop-

ment, in contrast to Th17 priming conditions (Buonocore et al,

2010). Our results demonstrated that the inhibitory effect of LIF on

Th17 cells functioned through STAT4 and STAT3. We thus inferred

that without STAT3 involvement during ILC3-cell development, LIF

could not alter Il17 gene expression, explaining that LIF exhibited a

minimal influence on ILC3s accumulation in either wild-type or

Stat4�/� colitis mice.

These results raise the question of why LIF bestows quite dif-

ferent effects on IECs and LPLs. LIF inhibits Th17-cell differentiation

but stimulates epithelial cell proliferation. We reasoned that these

different effects are mainly due to the different expression profile of

STAT4 in these two types of cells. STAT4 expression is very high in

lymphocytes but quite low in epithelial cells (Jacobson et al, 1995;

Frucht et al, 2000; Nguyen et al, 2002; Parham et al, 2002). Both

STAT3 and STAT4 can indiscriminately bind to SIEs and AGG

elements. However, in T cells, sufficient STAT4 protein is activated

by LIF and can form a silent or negative enhanceosome to block the

expression of STAT3-dependent genes. In epithelial cells, though,

LIF-activated STAT4 cannot be visualized due to its extremely low

expression level. Thus, STAT4 serves as a good sensor for the

expression of STAT-dependent genes in T cells but not in epithelial

cells. LIF-induced YAP expression also depends on the ability of

STAT3 to bind to AGG motifs located in the Yap promoter.

Along with the integrated epithelial barrier, LIF helped prevent

the entrance of Proteobacteria into the intestine and maintain micro-

biota homeostasis in the host mice. Reduced bacterial invasion

could also decrease proinflammatory cytokine secretion. Intrigu-

ingly, the colonic microbiota is also required for LIF induction

during colitis pathology. The means by which LIF is induced by the

microbiota remains to be determined.

In summary, we demonstrate that LIF plays central roles in

restricting Th17-cell differentiation by activating STAT4 and in

promoting IEC proliferation by activating STAT3. IBD is a clinically

challenging illness, often striking at a young age and causing life-

long morbidity. Although cytokines, including IL-6, are targets in

IBD treatment, few have proven to be useful. Our study indicates

that LIF is potentially therapeutic in IBD.

Materials and Methods

Mice

Stat4�/� and Rag1�/� mice were purchased from the Nanjing

Biomedical Research Institute of Nanjing University and back-

crossed to C57BL6 mice. Stat4�/�, Rag1�/�, and the corresponding

wild-type control mice were maintained in a SPF facility. All animal

experiments were performed in compliance with the Guide for the

Care and Use of Laboratory Animals and were approved by the

Institutional Biomedical Research Ethics Committee of the Shanghai

Institutes for Biological Sciences, Chinese Academy of Sciences.

Plasmids

A myc-tagged STAT4 construct was subcloned from a STAT4

construct of mouse origin which is a courtesy from Prof. Mark H.

Kaplan. The other tagged wild-type and mutant STAT4 constructs

were subcloned from the above myc-tagged STAT4 construct. Myc-

and flag-tagged STAT3 constructs are of mouse origin. All of the

full-length and deleted constructs of LIFR are of human origin. All

of the constructs were transfected into the cell lines we used in our

experiments with Lipofectamine 2000 (Invitrogen).

Cell culture and transfection

HEK293T cells were cultured in DMEM (HyClone) supplemented

with 10% fetal bovine serum (FBS) (Gemini), 100 units/ml peni-

cillin, and 100 lg/ml streptomycin (Shenggong). SW480 cells were

cultured in L-15 medium (Gibco) supplemented with 10% FBS, 100

units/ml penicillin, and 100 lg/ml streptomycin. DLD-1 cells were

cultured in RPMI-1640 medium (HyClone) supplemented with 10%

FBS, 100 units/ml penicillin, and 100 lg/ml streptomycin. All cell

lines were purchased from the Cell Bank of the Chinese Academy of

Sciences.

RNA isolation and quantitative PCR

RNA was extracted from cells and tissues with TRIzol reagent (Invit-

rogen) and was then transcribed to cDNA with a PrimeScript RT
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Reagent kit (Takara). Real-time PCR was performed with SYBR Green

Master Mix (YEASEN) on an ABI QuantStudio (Applied Biosystems).

The expression of the target genes was normalized to that of b-actin.
“Fold differences” were calculated with the DDCt method.

Immunoprecipitation and Western Blotting

Cells were lysed in RIPA buffer (20-188; Millipore) containing inhi-

bitors (1 mM phenylmethylsulfonyl fluoride, protease inhibitor

cocktails, 1 mM Na3VO4, and 1 mM NaF). Cell debris was removed

by centrifugation at 4°C and 2,650 g for 15 min, and lysates were

incubated overnight with the appropriate antibody and agarose

beads. The immunoprecipitates were washed with RIPA buffer

three to five times before being boiled and analyzed by Western

blotting. The following primary antibodies were commercially

obtained: anti-pSTAT4Y693 (BD Biosciences, 554002); anti-

pSTAT4S721 (Santa Cruz, sc-28296); anti-STAT4 (Santa Cruz, sc-

486 and sc-398228); anti-pSTAT3Y705 (Santa Cruz, sc-7993-R);

STAT3 (Santa Cruz, sc-8019); anti-YAP (Cell Signaling Technol-

ogy, 17074); anti-LIFR (Santa Cruz, sc-659); anti-HA (Santa Cruz,

sc-7392); anti-Myc (Santa Cruz, sc-40); anti-Flag (Sigma, F1804);

anti-Histone H3 (Cell Signaling Technology, 4499); anti-pERK

(Cell Signaling Technology, 4370); anti-tubulin (Sigma, T619);

and anti-b-actin (Sigma, A1978).

T-cell isolation and differentiation

Spleens and lymph nodes were collected from wild-type or Stat4�/�

mice, and single-cell suspensions were prepared by mechanical

disruption in PBS. CD4+ T cells were isolated by magnetic sorting

with a Miltenyi Biotec CD4+ CD62L+ T Cell Isolation kit, according to

the manufacturer’s directions (Miltenyi Biotec, 130-106-643). CD4+

T cells were activated with 5 lg/ml precoated anti-CD3 (eBioscience)

and 2 lg/ml anti-CD28 (eBioscience). Th1 cells were differentiated by

the addition of recombinant IL-12 (1 ng/ml, R&D Systems) and anti-

IL-4 (10 lg/ml, BD Pharmingen). Th2 cells were differentiated by the

addition of IL-4 (20 ng/ml, R&D Systems) and recombinant IL-2

(10 ng/ml, PeproTech). Th17 cells were differentiated by the addition

of recombinant IL-6 (20 ng/ml, R&D Systems), recombinant TGF-b
(1 ng/ml, R&D Systems), anti-IFNc (10 lg/ml, BD Pharmingen), and

anti-IL-4 (10 lg/ml, BD Pharmingen), followed by recombinant IL-23

(30 ng/ml, R&D Systems) on day 3. Treg cells were differentiated by

the addition of TGF-b (5 ng/ml, R&D Systems) and recombinant IL-2

(40 ng/ml, PeproTech). CD4+ T-cell cultures were split at ratio of 1:2

on day 3 after activation.

Intracellular cytokine staining

Purified CD4+ T cells were activated for 4–5 h with PMA (50 ng/ml,

Sigma) and ionomycin (500 ng/ml, Sigma), and Golgi Stop (BD

Pharmingen) was added on day 5. Cells were first stained with

Live/Dead-violet (Life Technologies) followed by a FITC-conjugated

anti-CD4 (BD Pharmingen) antibody, fixed and permeabilized with

Cytofix/Cytoper solution (BD Pharmingen), and intracellularly

stained with PerCP-Cy5.5-conjugated anti-IFNc (BD Pharmingen),

PE-conjugated anti-IL-4, PE-conjugated anti-IL-17A, or APC-conjugated

anti-Foxp3 antibodies. Samples were acquired on a Gallios (Beckman

Coulter), and the data were analyzed with FlowJo software.

Chemical induction of colitis

Experimental colitis was induced by treating 8-week-old mice with

3% DSS (36,000–50,000 MW, MP Biomedicals) administered via

autoclaved drinking water for 7 days. DSS was then replaced by

normal autoclaved water for 3–7 days. LIF or PBS was injected

intraperitoneally into the mice at a dosage of 10 lg/kg/day. The

body weight was monitored daily, and the DAI was determined as

previously described (Song et al, 2015), according to the following

parameters: rectal bleeding (0 points = negative; 1 point = positive

hemoccult test; 2 points = visible blood traces in stool; and 3

points = gross rectal bleeding) and stool consistency (0

points = normal; 1 point = semiformed stool not adhering to the

anus; 2 points = semiformed stool adhering to the anus; and 3

points = liquid stool adhering to the anus). The experiments were

performed by an independent researcher who was blinded to the

group allocation. Mice were sacrificed on days 4, 9, or 10 of dif-

ferent experimental protocols, and colon tissues were obtained for

histopathological and RT–PCR analyses.

T-cell adoptive transfer model of colitis

Wild-type naı̈ve T cells (CD4+ CD45RBhi) from the spleens of 8-

week-old wild-type mice were sorted by flow cytometry (MoFlo

Astrios, Beckman Coulter). A total of 5 × 105 cells in 200 ll of ster-
ile PBS were intraperitoneally injected into Rag1�/� recipient mice.

The mice were weighed throughout the colitis model timeline to

assess weight loss. Representative colon tissues were harvested for

histopathological analyses. LIF or PBS was injected intraperitoneally

into the mice at a dosage of 10 lg/kg every 2 days.

Histopathology

Colon tissues were fixed in 4% neutral-buffered paraformaldehyde,

paraffin-embedded and processed for histological analysis. Colon

sections with a 5-lm thickness were subjected to hematoxylin and

eosin (H&E) or immunofluorescence (IF) staining and examined by

light microscopy. The following antibodies were used for IF stain-

ing: anti-Ki67 (Cell Signaling Technologies, 9449) and anti-cleaved

caspase 3 (Cell Signaling Technologies, 9664).

Mouse colon explant cultures

Colon explants were cultured as previously described (West et al,

2017). The experimental colitis mouse model was established first,

and the mouse proximal colon was then harvested and cut into

small segments (0.25 cm2), which were cultured overnight in RPMI

medium supplemented with 10% fetal calf serum (FCS) and

10,000 U/ml penicillin/streptomycin. The LIF concentration in the

supernatant was quantified by an ELISA kit (R&D Systems, UK) and

normalized to the explant weight.

Isolation of IECs

Colon tissues dissected from control or DSS-challenged mice were

washed in PBS buffer and were then cut into pieces and digested at

37°C for 1 h in DMEM supplemented with 1% FBS, penicillin

(100 U/ml), streptomycin (100 U/ml), collagenase type XI (0.2 mg/
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ml, Sigma), and dispase II (200 lg/ml, Roche). After digestion, the

crypts containing IECs were isolated from the supernatant of the

digestion buffer by centrifugation at 300 × g for 5 min. The isolated

crypts were washed with DMEM supplemented with 2.5% FBS, 2%

sorbitol, penicillin (100 U/ml), and streptomycin (100 U/ml) and

were then centrifuged at 300 × g for 5 min. This step was repeated a

minimum of five times. The isolated crypts were then resuspended

in F-12/DMEM culture medium supplemented with 5% FBS, insulin

mix (Invitrogen), penicillin (100 U/ml), and streptomycin (100 U/

ml) and plated in 12-well plates coated with Matrigel (BD Pharmin-

gen). The IECs were allowed to attach for 24 h, at which time all

unattached material was removed and the cells were supplied with

fresh culture medium as described above. The cells were treated

with cytokines accordingly and collected in 2 days.

Isolation of LPLs

The dissected colon tissues were washed in PBS, and epithelial cells

were removed by shaking at 250 rpm at 37°C for 30 min in PBS

buffer containing 30 mM EDTA, 1 mM DTT, and 5% FBS. After sedi-

mentation, the supernatant containing the crypts was discarded, and

the remaining colon tissues were further cut into small pieces and

digested at 37°C for 1 h with 0.3 mg/ml collagenase VIII (Sigma)

and 100 U/ml DNase I (Sigma) in RPMI-1640 medium supplemented

with 5% FBS, penicillin (100 U/ml), and streptomycin (100 U/ml).

The cell pellet was collected by centrifugation at 450 × g for 5 min,

and the LPLs were further isolated by gradient centrifugation with

Percoll (40/80%, GE Healthcare). The isolated LPLs were then

subjected to FACS after reactivation and Golgi Stop treatment or to

RT–PCR. The following antibodies were used in the analysis of LPLs:

anti-CD4-FITC (BD Biosciences, 553047); anti-CD4-APC (eBio-

science, 17-0041); anti-IFNc-PerCP-Cy5.5 (BD Biosciences, 560660);

anti-IFNc-PE-Cy7 (BD Biosciences, 561040); anti-IL17A-PE (eBio-

science, 12-7177); anti-Foxp3-PE (BD Biosciences, 560414); anti-IL-

4-PE (BD Biosciences, 554435); anti-CD45-PerCP-Cy5.5 (BioLegend,

103132); anti-CD3-APC (BD Biosciences, 561826); and anti-CD127-

FITC (eBioscience, 11-1271-81).

Commensal depletion

The SPF wild-type mice were treated with a cocktail of antibiotics, as

previously described (Song et al, 2015). Briefly, the mice were initi-

ally treated with 1 mg/ml neomycin, 0.5 mg/ml vancomycin, 1 mg/

ml metronidazole, and 1 mg/ml ampicillin for 4 weeks. Fresh antibi-

otic solution was supplied every week. Four weeks later, the drink-

ing water was further supplemented with 1 mg/ml streptomycin,

170 lg/ml gentamicin, 125 lg/ml ciprofloxacin, and 1 mg/ml baci-

tracin for another 5 weeks. With antibiotic treatment, more than

99% of the intestinal microbes were removed. Colitis was induced in

the microbe-free mice 9 weeks later, as described in the section

“Chemical Induction of Colitis”. The mice were sacrificed on the

indicated days after DSS treatment, and the colon tissues were

obtained for further analysis.

Mass spectrometry analysis

Myc-tagged STAT4 constructs of mouse origin were transfected into

HEK293T cells which were cultured in 10-cm Petri dishes with

Lipofectamine 2000. Twenty-four hours later, the cells from two

dishes were treated with LIF for 30 min and collected to immuno-

precipitate STAT4 from the cell lysate. The immunoprecipitated

STAT4 from the above HEK293T cells was separated via SDS–PAGE.

The Coomassie blue-stained STAT4 band was excised from the gel

for protease digestion followed by mass spectrometry analysis with

a Thermo LC-MS/MS system.

ChIP

The ChIP assay was performed as described previously (Nelson

et al, 2006; Yang et al, 2011). In brief, Th17 cells were crosslinked

for 9 min with 0.9% formaldehyde. The cells were washed with

cold PBS twice and collected for sonication. The cell lysates were

immunoprecipitated overnight at 4°C with anti-STAT3 or anti-

STAT4 antibodies. Protein A beads were added to each sample.

After washing, crosslinks were reversed with 10% Chelex beads for

10 min at 100°C. The eluted DNA was analyzed by qPCR with

custom-designed primers (Table EV1). Each cycling threshold value

was normalized to the corresponding input value.

16S ribosomal RNA sequencing

Fecal samples were collected at the indicated time points, and the

microbial DNA was extracted from the feces with a TIAGEN stool

DNA isolation kit. The DNA concentration was determined by a

NanoDrop (Thermo Scientific), and the DNA quality was assessed

by agarose gel electrophoresis. Sequencing was then performed as

described previously (Song et al, 2015). The abundances of the indi-

cated intestinal microbial groups were analyzed with previously

described real-time primers (Song et al, 2015).

Accession numbers

The raw data of microarray and RNA sequencing are deposited with

the Gene Expression Omnibus (GEO) repository under the accession

number GEO: GSE124079.

Statistical analysis

Two-tailed Student’s t-tests were used for all comparisons, including

qPCR analysis. The data are presented as the means � SEMs. Statis-

tical significance is indicated by asterisks (*). A two-sided P-value of

< 0.05 was considered statistically significant.

Expanded View for this article is available online.
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